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Abstract—A solution for compensating losses in optical inter-
connects is provided. Large-core Al2O3 :Nd3+ channel waveguide
amplifiers are characterized and tested in combination with
passive polymer waveguides. Coupling losses between the two
waveguides are investigated in order to optimize the channel ge-
ometries of the two waveguide types. A tapered Al2O3 :Nd3+
waveguide is designed to improve the pump intensity in the ac-
tive region. A maximum 0.21-dB net gain at a signal wavelength of
880 nm is demonstrated in a structure in which an Al2O3 :Nd3+
waveguide is coupled between two polymer waveguides. The gain
can be improved by increasing the pump power and adjusting the
waveguide properties of the amplifier.
Index Terms—Al2O3 :Nd3+ channel waveguide amplifier, opti-
cal backplanes, polymer waveguide.
I. INTRODUCTION
I NTERCONNECTS between electronic cards via their printedcircuit board (PCB) backplane have become a bottleneck in
high-end systems such as servers, telecom switches, and ad-
vanced radar systems as a result of the continuous increase
of data transmission rates [1]. Solutions in the form of hybrid
electro-optical interconnect systems have been proposed [2], [3]
as well as a reevaluation of the frontiers of electrical intercon-
nects [4]. While there are applications with a need for high
bandwidth, nontrivial electromagnetic interference (EMI) prob-
lems must be solved [5]. These problems are related to the
high-density packaging of copper conductors and the fact that
these can act as antennas, thereby receiving and transmitting
electromagnetic radiation. Furthermore, the increased signal at-
tenuation and dispersion at high frequencies must also be tack-
led [6].
Use of optical waveguides in optical backplanes and mother-
boards is one possible solution because these are far less sen-
sitive to EMI than electrical interconnects [5]. Polymer mate-
rials are promising as waveguide materials in this application
due to the low cost, ease of fabrication, and rather high packag-
ing density. Over the past 15 years there has been a significant
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worldwide research interest in optical chip interconnects, optical
motherboards, and optical backplanes. Optical interconnections
based on embedded polymer waveguides have recently been re-
ported [7]–[9]. Optical transmission via waveguides offers the
potential of a much larger capacity than electrical data trans-
mission through copper lines. Recently, a 12-channel card-to-
card optical interconnect link with embedded polymer waveg-
uides and optical signal generation by a diode laser operat-
ing at 850 nm with data transmission up to 10 Gb/s per chan-
nel has been reported by Dellmann et al. [9]. The wavelength
of 850 nm was chosen due to the maturity of vertical-cavity
surface-emitting lasers (VCSEL) technology at this wavelength.
Investigations on the optical power budget for polymer-
waveguide-based high-speed links via optical backplanes in-
dicate that the optical power in boards is reduced significantly
by the optical losses arising due to waveguide materials, signal
routing, and input/output coupling [10]. The estimated losses are
on the order of 14–25 dB [10], [11]. Therefore, signal recovery
within the board is necessary to compensate these losses. Op-
tical amplification based on rare-earth-ion-doped waveguides
integrated into optical backplane systems is an attractive solu-
tion to maintain sufficient optical power level.
Emission of Nd3+ ions on the 4F3/2 → 4I9/2 ground-
state transition occurs at wavelengths only slightly longer than
850 nm. Nd3+ -doped polymer waveguides are promising for
such an application because of the compatibility with the poly-
mer waveguides in optical backplanes. Nd3+ -doped polymer
waveguide amplifiers [12], [13] and continuous-wave lasers
[14], [15] on the ground-state transition near 880 nm and the
excited-state transition near 1060 nm have been demonstrated.
The major disadvantage of this material is the low-damage
threshold versus pump intensity.
Amorphous aluminum oxide (a-Al2O3) has been investigated
as a gain material due to its low loss, good mechanical stabil-
ity, and—compared to other amorphous dielectric materials—
large thermal conductivity and refractive index, the latter prop-
erty allowing for high integration density [16], [17]. Al2O3 is
compatible with Si-based technology and can be monolithi-
cally integrated with Si-on-insulator waveguides [18]. In Er3+ -
doped Al2O3 channel waveguides on Si wafers, a peak gain of
2.0 dB/cm at 1533 nm as well as net gain over a wide wavelength
range of 80 nm has been demonstrated [19] and high-speed
amplification of 170 Gb/s has been reported [20]. Recently,
Nd3+ -doped Al2O3 single-mode waveguide amplifiers at three
wavelength regions have been also investigated and a maximum
3-dB gain has been observed at 880 nm [21].
In this work, the feasibility of signal amplification in optical
backplanes via integration of Al2O3 :Nd3+ channel waveguide
amplifiers is investigated. A maximum 0.21-dB internal net gain
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Fig. 1. Waveguide geometries. Schematic of the cross section of (a) polymer
and (b) Al2 O3 :Nd3+ waveguides with thickness H, etch depth h, and width W.
(c) Optical microscope image of a polymer waveguide. (d) Scanning electron
microscope image of an Al2 O3 channel waveguide without upper cladding.
at a signal wavelength of 880 nm is demonstrated in a hybrid-
integrated polymer—tapered Al2O3 :Nd3+—polymer structure.
II. OPTICAL BACKPLANES WITH EMBEDDED
POLYMER WAVEGUIDES
Low-loss polymer waveguides embedded in PCB optical
backplanes have previously been demonstrated [8], [9]. In this
study, polysiloxane-based polymers [22] were fabricated and
combined with Al2O3 :Nd3+ waveguides for the demonstration
of amplification in optical backplanes.
Flame Retardant 4 (FR4), a glass reinforced epoxy laminate
for the production of PCBs was used as the substrate. A lower
cladding layer was deposited on the FR4 substrate by use of
a doctor blading technique [23]. The core layer was deposited
by spin-coating and channel waveguides were structured into
the core layer by mask lithography and laser direct writing.
The waveguides have a slightly trapezoidal cross-section, the
sidewall angle varying with channel thickness and width. The
sidewall inclination can be reduced by applying a higher writing
speed. The refractive indexes of waveguide core and cladding
at 850 nm are 1.515 and 1.479, respectively.
Polymer channel waveguides having cross-sections of up to
50× 50 μm2 were fabricated by this process [9]. The minimum
thickness of the core layer that can be achieved by spin-coating
is∼5–6 μm, while the smallest channel width is also∼5–6 μm.
Fig. 1(a) and (c) shows the schematic and microscope image,
respectively, of the cross section of such a polymer channel
waveguide. The unpolarized propagation loss at 880 nm in a
6 × 6-μm2 multimode channel waveguide measured by the
cutback method was 0.34 ± 0.09 dB/cm.
The mode properties of these multimode waveguides were
studied with the PhoeniX software package [24], employing the
finite-difference method [25]. Table I shows the results of the
mode calculation in polymer waveguides with different cross




III. NEODYMIUM-DOPED ALUMINUM OXIDE
WAVEGUIDE AMPLIFIERS
A. Waveguide Geometries
Al2O3 :Nd3+ layers were deposited by reactive cosput-
tering [16] and channel waveguides realized by re-
active ion etching (RIE) [17]. In a previous study,
small-core, single-mode Al2O3 :Nd3+ channel waveguides
were characterized [21]. In order to match the size of these
Al2O3 :Nd3+ channel waveguides to that of the polymer
waveguides (see Section II), large-core Al2O3 :Nd3+ channel
waveguides up to 5 μm thick and 12 μm wide were fabricated
in this work. To facilitate a good mode confinement in the hori-
zontal waveguide direction, etch depths h of 0.5–1.0 μm were
realized.
To match the mode confinement in polymer waveguides, a
plasma-enhanced chemical vapor deposition (PECVD) SiO2
cladding layer with a refractive index of 1.452 at 633 nm and
a thickness of 5 μm was deposited on top of the Al2O3 :Nd3+
ridge waveguides. The top of the PECVD SiO2 layer was not
planarized, as it did not affect the guiding behavior. Fig. 1(b)
and (d) shows a schematic and scanning electron microscope
image of the cross section of the Al2O3 channel waveguide,
respectively.
In order to study the mode properties of these large-core
Al2O3 :Nd3+ waveguides, the PhoeniX software package was
used [24]. The number of optical modes and the confine-
ment factor Γ of the fundamental mode at pump and signal
wavelengths of 800 and 880 nm, respectively, were investi-
gated in Al2O3 :Nd3+ channel waveguides with various thick-
nesses H and widths W. The results at 880 nm are presented in
Table I.
The maximum etch depth h of Al2O3 :Nd3+ waveguides that
can be achieved by RIE is ∼1 μm [17]. According to the simu-
lation results of Table I, the vertical mode confinement depends
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TABLE II
SIMULATION PARAMETERS
mainly on the waveguide thickness and changes only slightly
when varying the channel width. The horizontal mode confine-
ment depends strongly on the etch depth into the Al2O3 :Nd3+
layer and the channel width. In 1-μm-thick waveguides, confine-
ment in the horizontal direction is improved when decreasing
the channel width. In contrast, in thick samples the horizon-
tal confinement in narrow channels decreases and modes are
guided in the slab instead. For example, in a 3-μm-thick chan-
nel waveguide, the beam waist of the fundamental mode in the
horizontal direction decreases when reducing the channel width
from 10 to 2.5 μm. Further reduction of the channel width from
2.5 to 1 μm results in a horizontal increase of the beam waist of
880 nm light from 2.3 to 3.2 μm. The situation further worsens
in 5-μm-thick waveguides due to the limited etch depth. Since
a small pump mode size, i.e., small beam waists in horizontal
and vertical direction, is required for high pump intensities, our
gain investigations were mainly focused on waveguides with
thicknesses of 1 and 3 μm.
The propagation losses for TE polarization measured by
the cutback method in a 3-μm-thick, 2-μm–wide channel
waveguide were∼0.60± 0.07 dB/cm and∼0.53± 0.08 dB/cm
at 800 and 880 nm, respectively.
B. Waveguide Amplification
Internal net gain (i.e., neglecting external light-to-chip cou-
pling losses) in large-core Al2O3 :Nd3+ channel waveguide
amplifiers at the luminescence peak near 880 nm of the ground-
state transition was experimentally investigated by small-signal-
gain measurements using the pump-probe method. The mea-
surement error for the gain experiments was about ±0.1 dB.
The measured results were compared with theoretical results
obtained from a rate-equation model, which has been explained
previously [21]. The spectroscopic parameters used for the simu-
lation are given in Table II. The averaged energy-transfer-
upconversion (ETU) parameters of Nd3+ in Al2O3 determined
in the previous study [21] were used in the gain simulation.
Channel waveguide samples with a Nd3+ concentration of
∼0.5× 1020 cm−3 and two different thicknesses of 1 and 3 μm
were studied. The waveguide width was varied to optimize the
gain. Fig. 2 shows the measured and simulated internal net gain
versus propagation length in 1-μm-thick and 3-μm-thick layers
Fig. 2. Measured (dots) and calculated (lines) internal net gain versus propa-
gation length for different waveguide widths and thicknesses of Al2 O3 :Nd3+
channel waveguides at a launched pump power of 55 mW.
with an etch depth of 0.5 and 1.0 μm, respectively, at a launched
pump power of 55 mW. The gain decreases significantly when
increasing the waveguide cross section at the same launched
pump power mainly due to the reduction of the pump mode size
and, therefore, pump intensity in larger waveguides.
Because of the mode-matching requirement imposed by the
minimum thickness of the polymer waveguides, 3-μm-thick
Al2O3 :Nd3+ channel waveguides were chosen and further in-
vestigated with various Nd3+ concentrations. Fig. 3 displays the
internal net gain versus propagation length in 3-μm-thick sam-
ples for different waveguide widths and Nd3+ concentrations.
A maximum gain of 2.42 dB was demonstrated in a 4-cm-long
sample with a Nd3+ concentration of 0.5 × 1020 cm−3 at a
launched pump power of 55 mW.
IV. NEODYMIUM-DOPED WAVEGUIDE AMPLIFIERS
INTEGRATED IN OPTICAL BACKPLANES
A. Combination of Two Types of Waveguides
Fig. 4(a) shows a schematic in which an Al2O3 :Nd3+
waveguide is integrated in between two polymer waveguides
by direct butt-coupling, with the aim to achieve internal net gain
when propagating light through the complete waveguide struc-
ture. Both pump and signal light were launched into a channel
waveguide on the first polymer sample (Polymer I), propagated
through this waveguide, then coupled into and out of a channel
waveguide on the Al2O3 :Nd3+ waveguide sample, and finally,
propagated through and coupled out of a channel waveguide on
the second polymer sample (Polymer II). The gain achieved in
the combination of these three waveguides was measured with
the pump-probe method.
In order to achieve internal net gain in such a system,
in addition to the propagation losses in the three different
waveguides, the coupling losses at the two interfaces between
the polymer waveguides and the Al2O3 :Nd3+ waveguide must
This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.
4 IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS
Fig. 3. Measured (dots) and calculated (lines) internal net gain versus propaga-
tion length in 3-μm-thick samples for different waveguide widths and Nd3+ con-
centrations of (a) 0.39×1020 cm−3 , (b) 0.50×1020 cm−3 , and (c) 0.91×1020
cm−3 at a launched pump power of 55 mW.
be compensated by the gain in the Al2O3 :Nd3+ amplifier. A
three-dimensional (3-D) beam propagation method (BPM) [26]
was applied to study and optimize the coupling between the two
types of waveguides at 880 nm. All the transverse modes propa-
gating through the channel waveguides were taken into account
in the simulation. The coupling losses at the first (Polymer I to
Al2O3 :Nd3+ ) and second (Al2O3 :Nd3+ to Polymer II) interface
were calculated separately. The total coupling loss was obtained
by adding the two parts. Polymer channel waveguides with the
smallest achievable thickness of 6 μm were chosen, while the
thickness of the Al2O3 :Nd3+ waveguide was varied from 1 to
5 μm. The widths of the polymer and Al2O3 :Nd3+ channel
waveguides were both assumed to be 6 μm. Fig. 4(c) shows the
calculated coupling loss at each of the two waveguide interfaces
as well as the total coupling loss versus layer thickness of the
Al2O3 :Nd3+ waveguide.
The coupling loss between Polymer I and Al2O3 :Nd3+
waveguide is due mainly to the thickness mismatch of the two
waveguides and the corresponding losses experienced by high-
order modes when propagating from Polymer I to Al2O3 :Nd3+
waveguide. The loss is significantly reduced by increasing the
Fig. 4. Schematic of the demonstration of amplification in optical backplanes
by coupling an Al2 O3 :Nd3+ waveguide to (a) two polymer waveguides and
(b) one polymer waveguide; (c) coupling loss at 880 nm between the polymer
waveguides and the Al2 O3 :Nd3+ waveguide.
thickness of the Al2O3 :Nd3+ waveguide. The coupling loss
between Polymer I and a 3-μm-thick Al2O3 :Nd3+ waveguide
was calculated to be 1.37 dB.
The coupling loss at the interface between Al2O3 :Nd3+ and
Polymer II waveguides is much lower and increases slightly
with increasing thickness of the Al2O3 :Nd3+ waveguide.
According to the calculated results of the coupling loss at the
two interfaces for a polymer waveguide thickness of 6 μm,
a total coupling loss of 2 dB is expected for a 3-μm-thick
Al2O3 :Nd3+ waveguide. When further increasing the thickness
of the Al2O3 :Nd3+ channel to 5 μm, the total coupling loss is
only slightly decreased.
The coupling loss between the two waveguides was experi-
mentally determined by measuring the output intensity coupled
out of the first and second waveguides, I1 and I2 (see Fig. 4 (b)).
Knowing the total background propagation and absorption loss
αw 2 in decibels per centimeter and the propagation length w2
of the second waveguide, the coupling loss Lc in decibels was
determined from
Lc = 10 · log (I1/I2)− αw2 · w2 . (1)
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Fig. 5. Al2 O3 :Nd3+ tapered waveguide. (a) Top view and (b) taper loss versus
taper length for different widths of the straight section at 880 nm.
The coupling loss between a 6 × 6-μm2 polymer
waveguide (Polymer I) and the 3 × 6-μm2 incoupling region
of an Al2O3 :Nd3+ waveguide measured by this approach was
1.33 dB, which agrees well with the value of 1.37 dB estimated
from the simulation. The coupling loss between the 3 × 6-μm2
outcoupling region of an Al2O3 :Nd3+ waveguide and a 6 × 6-
μm2 polymer waveguide (Polymer II) was estimated from the
simulation to be ∼0.5 dB, but was not measured.
B. Tapers in Aluminum Oxide Waveguides
The minimum cross section of 6 × 6 μm2 of the polymer
waveguides that can be achieved is limited by the fabrication
procedure and the increase of the waveguide propagation loss
with decreasing width. In currently investigated optical back-
planes, the waveguide geometries are even larger (typically
50 × 50 μm2) than the ones investigated here. Nevertheless,
small waveguide geometries are required to achieve sufficient
optical amplification. One possible solution is to taper down
the width of the active waveguide to improve the pump in-
tensity. Hence, a linear horizontal taper was designed for the
Al2O3 :Nd3+ waveguide [see Fig. 5(a)]. After a very short
straight coupling region coupler , whose length varied slightly
with the precision of the dicing process of the Al2O3 :Nd3+ sam-
ples, the waveguide width was first tapered down for achieving
high gain and then tapered back to reduce the out-coupling
losses. The tapers at the two waveguide ends were designed
to be symmetric. Designing an amplifier with different coupler
widths wcoupler for in- and outcoupling regions to independently
optimize the two coupling losses could further improve the per-
formance of the system.
The length of the straight channel waveguide amplifier part
straight was varied for gain optimization with different Nd3+
concentrations and pump powers. To reduce reabsorption losses
of signal light by nonexcited Nd3+ ions in the wider coupler
and taper parts with accordingly lower pump intensity, their
lengths coupler and taper should be as short as possible. On
the other hand, the taper loss increases with decreasing length.
The taper length taper was optimized by minimizing the taper
losses αtaper in the waveguide, as calculated by a 2-D BPM at
880 nm. Fig. 5(b) shows the taper loss as a function of taper
length. The waveguide width is tapered down from 8 μm to 1.5,
2.0, or 2.5 μm.
According to the 2-D BPM calculations, the optical loss
reduces to a low level and remains almost constant for taper
lengths longer than 500 μm. Therefore, taper lengths taper of
500 and 700 μm were chosen for the mask design. To measure
the extra optical loss introduced by the two tapers, a straight
channel waveguide with the same width as the coupler region
wcoupler—to ensure similar coupling losses—and the same total
propagation length—to ensure similar propagation losses—was
used as a reference. By comparing the output intensity of the
two waveguides at 880 nm, a taper loss of 0.32 dB was derived
for an 8-μm-wide channel tapered down to 2.5 μm.
C. Demonstration of Amplification in Optical Backplanes
Preliminary investigations of amplification were carried out
with one 0.5-cm-long polymer sample and one Al2O3 :Nd3+
sample, as depicted in Fig. 4(b). Two movable stages were used
to optimize coupling of the two samples. The end facets of the
two waveguides were placed as close as possible to each other,
and a fluorinated index-matching fluid with refractive index of
1.57 was applied in between.
The small-signal gain was measured using the pump-probe
method according to (1). A Ti:Sapphire laser operating at
800 nm was used as the pump source and a diode laser at
880 nm modulated by a mechanical chopper was applied as the
signal source. Pump and signal light were combined and coup-
led into and out of the waveguides using two ×10 microscope
objectives. Residual transmitted pump light was blocked by a
high-pass filter (RG850), while the transmitted signal light was
measured by a germanium photodiode and amplified with the
lock-in technique. The signal enhancement was determined by
measuring the ratio of the transmitted signal intensities Ip and
Iu in the pumped and unpumped case, respectively. By sub-
tracting the total optical loss L in decibels, the internal net gain
over the whole propagation length was obtained by calculating
the small-signal-gain coefficient in decibels using the following
equation:
Ginternal = 10 · log10 (Ip/Iu )− L, (2)
where 10 log10(Ip /Iu ) is the signal enhancement. The total op-
tical loss L is the sum of all the relevant optical losses
L =αpolymer · polymer + αAl2 O3 · Al2 O3
+ Lcoupling + Ltaper , (3)
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Fig. 6. Measured (dots) and calculated (lines) internal net gain of a polymer
waveguide coupled with an Al2 O3 :Nd3+ waveguide versus propagation length
in the Al2 O3 :Nd3+ waveguide for different Nd3+ concentrations.
where αpolymer is the propagation loss coefficient of the poly-
mer waveguide, αAl2 O3 is the propagation and absorption loss
coefficient of the Al2O3 :Nd3+ waveguide, polymer and Al2 O3
are the channel lengths of the polymer and Al2O3 :Nd3+ wave-
guide, respectively, Lcoupling is the coupling loss between the
two waveguides, and Ltaper is the loss in the two tapers.
To investigate experimentally the internal net gain, light
at 880 nm was propagated through a 6 × 6-μm2 polymer
channel waveguide and coupled into 3-μm-thick Al2O3 :Nd3+
waveguides with different Nd3+ concentrations of 0.38, 0.50,
and 0.91× 1020 cm−3 . The width of the Al2O3 :Nd3+ waveguide
was tapered down from 8 to 2.5 μm and back to 8 μm. Fig. 6
shows the internal net gain of the coupled waveguide structure
measured versus propagation length within the Al2O3 :Nd3+
waveguide for different Nd3+ concentrations. A maximum gain
of 0.87 dB was observed in a 4-cm-long Al2O3 :Nd3+ waveguide
with a Nd3+ concentration of 0.50 × 1020 cm−3 .
Finally, a second polymer waveguide with propagation length
of 0.5 cm was added after the Al2O2 :Nd3+ waveguide with these
optimized parameters, as shown in Fig. 4(a), and a maximum
gain of 0.21 dB was obtained for light propagation through the
whole structure, i.e., from the beginning of Polymer I, through
the Al2O2 :Nd3+ amplifier, until the end of Polymer II.
The results indicate that it is possible to achieve optical ampli-
fication by integration of active waveguides into passive polymer
waveguides in optical backplanes. Although the internal net gain
obtained in this work is low, it can be improved by increasing
the pump power, adjusting amplifier length and dopant concen-
tration for the higher pump power, optimizing the width of the
outcoupling region of the amplifier, and reducing the lengths of
the two coupling regions of the amplifier.
Generally, there are two different approaches for possible
integration of such an amplifier [10]. The first is lateral in-
tegration of the amplifier chip in the optical backplane. This
method is very similar to the demonstrator device we have
used in this study. A second approach is a flip-chip-mountable
configuration.
V. CONCLUSIONS
Large-core Al2O3 :Nd3+ channel waveguides have been fab-
ricated and optical amplification at 880 nm has been characteri-
zed. By optimization of the waveguide length, a maximum gain
of 2.42 dB has been observed in a 3-μm-thick, 2.5-μm-wide,
and 4-cm-long channel waveguide with a Nd3+ concentration
of 0.50 × 1020 cm−3 at a launched pump power of 55 mW.
Amplification in optical backplanes has been demonstrated
by inserting such Al2O3 :Nd3+ channel waveguides in be-
tween two polymer waveguides. Coupling losses between the
waveguides have been investigated to optimize the channel ge-
ometries of the two types of waveguides. A tapered Al2O3 :Nd3+
waveguide has been designed to improve the pump intensity in
the active waveguide. A maximum 0.21-dB internal net gain has
been demonstrated in a hybrid structure with an Al2O3 :Nd3+
waveguide coupled in between two polymer channel
waveguides. The gain can be improved by increasing the pump
power and adjusting the waveguide geometry and dopant con-
centration for the chosen pump power. Besides, other coupling
configurations can be applied. The wavelength of amplification
can be adjusted by doping other rare-earth ions. Use of such rare-
earth-ion-doped waveguide amplifiers can provide a solution for
compensating the losses occurring in optical interconnects.
REFERENCES
[1] D. A. B. Miller, “Rationale and challenges for optical interconnects to
electronic chips,” in Proc. IEEE, 2000, vol. 88, pp. 728–749.
[2] E. Griese, “A high-performance hybrid electrical-optical interconnection
technology for high-speed electronic systems,” IEEE Trans. Adv. Packag.,
vol. 24, no. 3, pp. 375–383, Aug. 2001.
[3] A. Naeemi, J. Xu, A. V. Mule, T. K. Gaylord, and J. D. Meindl, “Optical and
electrical interconnect partition length based on chip-to-chip bandwidth
maximization,” IEEE Photon. Technol. Lett., vol. 16, no. 4, pp. 1221–
1223, Apr. 2004.
[4] C. Svensson, “Electrical interconnects revitalized,” IEEE Trans. Very
Large Scale Integr. Syst., vol. 10, no. 6, pp. 777–788, Dec. 2002.
[5] R. R. Tummala,, Fundamentals of Microsystems Packaging. NewYork:
McGraw-Hill, 2001.
[6] C. Berger, M. A. Kossel, C. Menolfi, T. Morf, T. Toifl, and M. L. Schmatz,
“High-density optical interconnects within large-scale systems,” in Proc.
SPIE—VCSELs and Optical Interconnects, 2003, vol. 4942, pp. 222–235.
[7] J. Moisel, J. Guttmann, H. P. Huber, O. Krumpholz, M. Rode, R. Bo-
genberger, and K. P. Kuhn, “Optical backplanes with integrated polymer
waveguides,” Opt. Eng., vol. 39, pp. 673–679, 2000.
[8] S. Lehmacher and A. Neyer, “Integration of polymer optical waveguides
into printed circuit boards,” Electron. Lett., vol. 36, pp. 1052–1053, 2000.
[9] L. Dellmann, C. Berger, R. Beyeler, R. Dangel, M. Gmu¨r, R. Hamelin,
F. Horst, T. Lamprecht, N. Meier, T. Morf, S. Oggioni, M. Spreafico,
R. Stevens, and B. J. Offrein, “120 Gb/s optical card-to-card interconnect
link demonstrator with embedded waveguides,” in Proc. 57th Electron.
Compon. Technol. Conf., pp. 1288–1293, 2007.
[10] S. Uhlig and M. Robertsson, “Limitations to and solutions for optical loss
in optical backplanes,” J. Lightwave Technol., vol. 24, pp. 1710–1724,
2006.
[11] S. Hegde, R. V. Pucha, D. Guidotti, L. Fuhan, C. Yin-Jung, R. Tummala,
C. Gee-Kung, and S. K. Sitaraman, “Design, fabrication, and reliability
testing of embedded optical interconnects on package,” in Proc. 54th
Electron. Compon. Technol. Conf., vol.1, 2004, pp. 895–900.
This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.
YANG et al.: INTEGRATED OPTICAL BACKPLANE AMPLIFIER 7
[12] J. Yang, M. B. J. Diemeer, D. Geskus, G. Sengo, M Pollnau, and
A. Driessen, “Neodymium-complex-doped, photo-defined polymer chan-
nel waveguide amplifiers,” Opt. Lett., vol. 34, pp. 473–475, 2009.
[13] J. Yang, M. B. J. Diemeer, G. Sengo, M. Pollnau, and A. Driessen,
“Nd-doped polymer waveguide amplifiers,” IEEE J. Quantum Electron.,
vol. 46, no. 7, pp. 1043–1050, Jul. 2010.
[14] J. Yang, M. B. J. Diemeer, C. Grivas, G. Sengo, A. Driessen, and M. Poll-
nau, “Steady-state lasing in a solid polymer,” Laser Phys. Lett., vol. 7,
pp. 650–656, 2010.
[15] C. Grivas, J. Yang, M. B. J. Diemeer, A. Driessen, and M. Poll-
nau, “Continuous-wave Nd-doped polymer lasers,” Opt Lett., vol. 35,
pp. 1983–1985, 2010.
[16] K. Wo¨rhoff, J. D. B. Bradley, F. Ay, D. Geskus, T. P. Blauwendraat,
and M. Pollnau, “Reliable low-cost fabrication of low-loss Al2 O3 :Er3+
waveguides with 5.4-dB optical gain,” IEEE J. Quantum Electron., vol. 45,
no. 5, pp. 454–461, May 2009.
[17] J. D. B. Bradley, F. Ay, K. Wo¨rhoff, and M. Pollnau, “Fabrication of
low-loss channel waveguides in Al2 O3 and Y2 O3 layers by inductively
coupled plasma reactive ion etching,” Appl. Phys. B, vol. 89, pp. 311–318,
2007.
[18] L. Agazzi, J. D. B. Bradley, F. Ay, G. Roelkens, R. Baets, K. Wo¨rhoff,
and M. Pollnau, “Monolithic integration of erbium-doped amplifiers with
silicon waveguides,” submitted for publication.
[19] J. D. B. Bradley, L. Agazzi, D. Geskus, F. Ay, K. Wo¨rhoff, and M. Pollnau,
“Gain bandwidth of 80 nm and 2 dB/cm peak gain in Al2 O3 :Er3+ optical
amplifiers on silicon,” J. Opt. Soc. Amer. B, Opt. Phys., vol. 27, pp. 187–
196, 2010.
[20] J. D. B. Bradley, M. Costa e Silva, M. Gay, L. Bramerie, A. Driessen,
K. Wo¨rhoff, J. C. Simon, and M. Pollnau, “170 GBit/s transmission in
an erbium-doped waveguide amplifier on silicon,” Opt. Express, vol. 17,
pp. 22201–22208, 2009.
[21] J. Yang, K. van Dalfsen, K. Wo¨rhoff, F Ay, and M. Pollnau, “High-gain
Al2 O3 :Nd3+ channel waveguide amplifiers at 880 nm, 1060 nm and
1330 nm,” Appl. Phys. B, vol. 10, no. 1/2, pp. 119–127, 2010.
[22] S. Kopetz, E. Rabe, W. J. Kang, and A. Neyer, “Polysiloxane optical
waveguide layer integrated in printed circuit board,” Electron. Lett.,
vol. 40, pp. 668–669, 2004.
[23] F. C. Krebs, “Fabrication and processing of polymer solar cells: A review
of printing and coating techniques,” Solar Energy Mater. Solar Cells,
vol. 93, pp. 394–412, 2009.
[24] PhoeniX. http://www.phoenixbv.com, 2010.
[25] S. Seki, T. Yamanaka, and K. Yokoyama, “Two-dimensional analysis of
optical waveguides with a non-uniform finite difference method,” Proc.
Inst. Electr. Eng.—Part J Optoelec., vol. 138, pp. 123–127, 1991.
[26] R. Scarmozzino, A. Gopinath, R. Pregla, and S. Helfert, “Numerical tech-
niques for modeling guided-wave photonic device,” IEEE J. Sel. Topics
Quantum Electron., vol. 6, no. 1, pp. 150–162, Jan./Feb. 2000.
Jing Yang was born in Zhejiang, China, on July 1, 1981. She received the B.S.
degree in optical engineering from Zhejiang University, Zhejiang, China, in
2003, the M.S. degree in electrical engineering with specialization in photonics
from the Royal Institute of Technology (KTH), Stockholm, Sweden, in 2005,
and the Ph.D. degree from the University of Twente, Enschede, The Netherlands.
Her research during her Ph.D. study was focused on Nd-doped active waveguide
materials and devices.
Tobias Lamprecht was born in Flawil, Switzerland, in 1976. He received the
FH Engineer degree and the Graduate degrees from the postdiploma studies in
integrated microsystems (MEMS) and in optical systems all from the Univer-
sity of Applied Sciences NTB Buchs, Switzerland, in 2000, 2003, and 2007,
respectively. Since 2006, he has been working toward the Ph.D. degree in col-
laboration with the University of Twente, Enschede, The Netherlands, where his
research is focused on investigating advanced functionalities in polymer optical
waveguides.
In 2001, he was an Engineer at the Institute for Microsystems, Buchs,
Switzerland. In 2003, he joined Lynntech, Inc. Since 2004, he has been an Engi-
neer with IBM Research Zurich, Switzerland, where he has been engaged with
optical interconnects.
Kerstin Wo¨rhoff received the M.Sc. degree in optoelectronics from the Tech-
nical University of Bratislava, Bratislava, Slovak Republic, in 1991, and the
Ph.D. degree in applied physics from the University of Twente, Enschede, The
Netherlands, in 1996.
In 1996, she joined the Lightwave Devices Group (now Integrated Opti-
cal MicroSystems Group, MESA+Institute for Nanotechnology), University of
Twente, as a Postdoctoral Researcher, where she has been an Assistant Professor
since 2000. Her research interests include the field of active and passive silicon-
based photonics technology, rare-earth-ion doped devices, and integrated optical
waveguide design. She has authored or coauthored more than 50 journal and
conference papers and holds one patent.
Dr. Wo¨rhoff is a member of the Electrochemical Society.
Alfred Driessen received the M.Sc. degree in experimental physics and the
Ph.D. degree on quantum solids both from the University of Amsterdam, Ams-
terdam, The Netherlands, in 1972 and 1982, respectively.
After a period as a Postdoctoral Researcher at the Free University Amster-
dam, where he was working on metal hydrides, in 1988 he joined the Lightwave
Devices Group, University of Twente, Enschede, The Netherlands, as an Asso-
ciate Professor. His working field from then has been integrated optics for optical
communication and optical nonlinear devices. From 2003 to 2009, he was a full
Professor within the Integrated Optical Micro Systems Group, MESA+Institute
for Nanotechnology, and his research interests were focused on compact and
complex (nano-)photonic structures, such as microresonators and photonic wires
that can be applied in sensing, communication, and spectroscopy. He is the au-
thor or (co)author of about 250 refereed journal and conference papers. He holds
three patents. Besides his work in physics and engineering, he is active in the
field of philosophy of science.
Folkert Horst received the M.S. degree in applied physics and the Ph.D. de-
gree in electronics engineering from the University of Twente, Enschede, The
Netherlands, in 1992 and 1997, respectively.
In 1997, he joined the Optical Networking Group, IBM Zurich Research
Laboratory, Zurich, Switzerland, where he worked on design and characteriza-
tion of components for DWDM optical networks based on SiliconOxyNitride
technology. Since 2003, he has been with the Optical Interconnects Group.
His current research interests include high-speed optical data communication
via polymer optical waveguides in printed circuit boards and integrated optical
components based on silicon-on-insulator technology.
Bert Jan Offrein received the M.Sc. degree in applied physics and the Ph.D.
degree from the University of Twente, Enschede, The Netherlands, in 1990 and
1994, respectively.
In 1995, he joined the IBM Zurich Research Laboratory, Zurich, Switzerland,
where he worked on the design and characterization of optical components for
telecommunication networks. In 2002, his research topic changed to polymer
waveguide-based optical backplane technology for next generation server sys-
tems. Since June 2004, he has been the Manager of the Photonics Group, IBM
Zurich Research Laboratory. His research interests include optical communica-
tions, integrated optics, silicon photonics, and optical materials.
Feridun Ay received the B.Sc. degree from the Middle East Technical Univer-
sity, Ankara, Turkey, in 1998, and the M.Sc. and Ph.D. degrees, in 2000 and
2005, respectively, from Bilkent University, Ankara, all in physics.
In 2005, he joined the Integrated Optical MicroSystems Group, MESA + In-
stitute for Nanotechnology, University of Twente, Enschede, The Netherlands,
as a Postdoctoral Researcher. His research interests include design and fabrica-
tion of active and passive waveguide components for applications in integrated
optics. He has authored or coauthored more than 40 journal and conference
papers.
Dr. Ay is a member of the European Physical Society and the Optical Society
of America.
This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.
8 IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS
Markus Pollnau received the M.Sc. degree from the University of Hamburg,
Hamburg, Germany, in 1992, and the Ph.D. degree from the University of Bern,
Bern, Switzerland, in 1996, both in physics.
After postdoctoral positions with the University of Southampton and the
University of Bern, he was a Project and Research Group Leader with the
Swiss Federal Institute of Technology, Lausanne, Switzerland. In 2004, he was
appointed a Full Professor and chair of the Integrated Optical MicroSystems
Group, University of Twente, Enschede, The Netherlands. He has contributed
to more than 350 reviewed journal and international conference papers and
six book chapters in the fields of crystal and thin-film growth, rare-earth-ion
spectroscopy, solid-state and fiber lasers, and waveguide fabrication, devices,
and applications. He has held European, Swiss, and Dutch personal fellowships
and has obtained numerous national and European research grants. He has
been involved in the organization of major international conferences, e.g., as
a Program and General Co-chair of the Conference on Lasers and Electro-
Optics (2006/2008) and the Conference on Lasers and Electro-Optics Europe
(2009/2011), and served as Topical Editor for the Journal of the Optical Society
of America B.
Prof. Pollnau is a member of the European Physical Society and the Optical
Society of America.
